Explosive volcanic eruptions can release vast quantities of pyroclastic material into Earth's atmosphere, including volcanic ash, particles with diameters less than two millimeters. Ash particles can cluster together to form aggregates, in some cases reaching up to several centimeters in size. Aggregation alters ash transport and settling behavior compared to un-aggregated particles, influencing ash distribution and deposit stratigraphy. Accretionary lapilli, the most commonly preserved type of aggregates within the geologic record, can exhibit complex internal stratigraphy. The processes involved in the formation and preservation of these aggregates remain poorly constrained quantitatively. In this study, we simulate the variable gas-particle flow conditions which may be encountered within eruption plumes and pyroclastic density currents via laboratory experiments using the ProCell Lab System ® of Glatt Ingenieurtechnik
Introduction
Volcanic ash, fragments of juvenile lava, crystals and/or older rock units less than two millimeters in diameter (Fisher, 1961) , is produced in large quantities during explosive volcanic eruptions. Fine volcanic ash (particle diameter, (p d ) < 63 μm) can be distributed far away from the eruptive vent by ash transport processes, where it may cause a plethora of hazards and impacts aggregates, particle clusters (PC) and accretionary pellets (AP). Particle clusters are sub-divided into ash clusters (PC1) and coated particles (PC2), while APs can be divided into poorly-structured pellets (AP1), accretionary pellets (AP2) and liquid pellets (AP3). However, although field observations have evidenced the formation of all of these subtypes, the aggregates most commonly preserved within the geologic record tend to be AP1 or AP2. The AP1 aggregates are normally spherical or sub-spherical, ranging in diameter from several 100 μm to a few mm, and generally show poor internal structure. The AP2 aggregates are similarly shaped, and can also grow to sizes of several mm; they consist of a relatively coarse grained core and (possibly several) fine grained rims.
The presence of the AP1 and AP2 aggregates in deposits evidences their comparative resilience to the highly energetic processes related to eruption dynamics and sedimentation processes. This preservation is not universal, as field studies have also documented shattered fragments of accretionary lapilli in deposits (Brown et al., 2010) . However, our capacity to interpret the presence, absence and particular features (e.g., internal stratigraphy or granulometry) of aggregates within deposits as being indicative of particular eruption features or characteristics is limited. This stems from the absence of a quantitative understanding of the physical and/or chemical properties and in-plume boundary conditions which drive aggregate formation, disaggregation and the capacity of aggregates to survive deposition and be preserved in ash deposits.
The drivers on aggregate formation may relate to the mechanisms of both ash adhesion and aggregate growth. Particle adhesion is likely a product of three major forces, 1) electrostatic bonding, 2) Van der Waals forces and 3) liquid bonding. Although electrostatic charging of volcanic plumes is a well-known phenomenon (Lane and Gilbert, 1992; Cimarelli et al., 2013 ) that can lead to dry aggregation (e.g. Taddeucci et al., 2011; Del Bello et al., 2015) , it is neglected in this study. With maximum surface charges of ±10 −5 C m −2 observed for particles in volcanic plumes (Gilbert et al., 1991) , the electrostatic attraction and binding potential of ash particles is very low and even negligible in the presence of a liquid binder, as implied by experiments in fluidized beds with other particles (Randolph, 1988; Liu and Cameron, 2001; Saleh and Guigon, 2006) . In order to build large ash aggregates stable enough to be preserved in the geologic record, we consider that liquid bonding may be the most important aggregation mechanism.
Previous in-field (Trusdell et al., 2005; Branney et al., 2008; Bonadonna et al., 2011) , numerical Folch et al., 2010) and laboratory studies (Gilbert and Lane, 1994; Schumacher and Schmincke, 1995; Van Eaton et al., 2012) have investigated the role of liquid bonding. Vibratory pan aggregation techniques, (Schumacher and Schmincke, 1995; Van Eaton et al., 2012) have successfully reproduced ash aggregates with characteristics (bulk diameter, density or granulometry) linearly dependent on humidity or wetting, until an 'overwetting' threshold was reached, whereafter, liquid 'mud' droplets (AP3) were formed (e.g. Gilbert and Lane, 1994) . However, the influence of liquid bonding on ash aggregate formation remains only partially constrained. For example, although laboratory experiments have generated particle clusters (PC), the complex internal structures typical for AP2 aggregates have yet to be reproduced. Furthermore, the effect of additional variables such as the surface tension and viscosity of the binding liquid (e.g. Kueppers et al., 2011) , which in volcanic systems may be commonly comprised of condensates/solutions of co-erupted gases (e.g., H 2 O (g) , SO 2(g) , HCl (g) , HF (g) ) , have yet to be investigated.
The preservation of ash aggregates within ash deposits may be contingent on the establishment of strong interparticle binding mechanisms within the aggregate (e.g., cementation of solid bridges). Cementation may be driven by the interstitial precipitation of various sulphate and halide salts during the evaporation of the binding liquid. This process of cementation has been invoked following investigations of several field deposits (Tomita et al., 1985; Gilbert and Lane, 1994; Brown et al., 2010) . The specific chemistry and abundance of these salts may depend both on the pH of the binding liquid and its capacity to dissolve or corrode the ash surface, and on the presence of pre-existing salts emplaced by higher temperature gas-ash interactions (cf. Witham et al., 2004; Ayris and Delmelle, 2012) . In this mechanistic study we present results of laboratory investigations on the formation and recovery of AP1 and AP2-type ash aggregates. We investigated ash aggregation within fluidized beds, commonly utilized in industrial sectors, in particular in the food, animal feed, pharmaceutical, fertilizer, detergent and mineral processing industries, for investigation or generation of aggregates. Fluidized bed systems transform a granular material from a static (i.e. solid-like) to a dynamic (i.e. fluid-like) state, promoting aggregate formation under precisely-controlled conditions such as humidity, granulometry, air flow and temperature (Salman et al., 2006) . In this study, we pioneer the use of this technology for our mechanistic investigation of volcanic ash aggregate formation, and provide new insights into the variables which permit the formation and survival of ash aggregates.
Methodology
For this study, we use the ProCell ® Lab System (Fig. 1) by
Glatt Ingenieurtechnik GmbH, Weimar, Germany. The ProCell ® Lab builds aggregates from fine powders, in this case, volcanic ash or soda-lime silicate glass beads. Solid particles are placed in a vessel and a stream of fluids passes up through the voids of the granular material. To generate a fluidized bed of particles, drag forces exerted by externally introduced fluids must exceed the weight of the particles. At a critical value of fluid velocity (the point of minimal fluidization velocity), the upwardly directed drag on particles will equalize the downwardly directed gravitational forces and maintain the particles in suspension. Above this minimal fluidization velocity, particles behave like a liquid and single particles follow stochastic streamlines (Salman et al., 2006) . Within the fluidized bed, particles are wetted by a fine spray of liquid, promoting formation of liquid bridges between particles; aggregate growth is crucially controlled by operating conditions such as moisture, granulometry, process time, pneumatics or thermal conditions.
The ProCell ® Lab System
The ProCell ® Lab System consists of three parts (from bottom to top, see Fig. 1 ): the inlet air chamber, the process chamber and the exhaust housing. The Inlet air and process chamber are separated from each other by a bottom screen with a mesh size of 100 μm. An air stream is heated in the inlet air chamber and injected in the process chamber (GF5 type, continuous fluidization) from below. The flow rate is sufficient to maintain the solid raw material in a fluidized state, while smaller particles which are lofted away from the bed by the airflow are captured within an installment of six cartridge filters. Overpressurized air is directed downwards through the cartridge filters every ten seconds, returning any trapped particles back to the fluidized bed. Liquids are injected into the GF5 process chamber by a nozzle mounted on the bottom screen which directs its spray upwards, supplied by an external pump. Regulation of the pump allows supplying the process chamber with exactly the desired amount of liquid. The ProCell ® Lab is highly customizable in its operational conditions; the user may select the air flow through the process chamber (max. 250 m 3 h −1 ), the air flow temperature (max. 200 • C) and the pressure of the nozzle spraying the liquid (max. 6 bar). The instrument also maintains a constant record of air humidity and temperature in the process chamber. The ProCell ® Lab can either be run in batch or continuous mode; in the latter, a 'zig-zag-sifter' (Fig. 1 ) is installed at a product outlet, permitting aggregates to settle down into a collection tank. The sifter consists of a 30 cm long arrangement of steps, oriented with respect to each other at angles of 120
• . An upward directed air flow (at 70-150 kPa overpressure) through the sifter prevents the collection of non-aggregated particles, forcing them to re-enter the fluidized bed. We also inspected the post-experiment particle bed within the process chamber, to determine whether any aggregates had survived within the fluidized bed.
Sample materials
In this mechanistic study of aggregation, we compared the behavior of two different materials. As an analogue material, we used spherical soda-lime glass beads (Kremer Pigmente, Germany, (coarse) . Although the ash is approximately 13 ka old and cannot be considered chemically pristine, we consider the deposition and evaporation of salt solutions on the ash materials to be a physical process acting only on particle surfaces; accordingly, the Laacher See ash is utilized as a proxy for the more complex surface morphology of volcanic ash, relative to the glass beads.
Salt-doping of ash materials
A H 2 O-NaCl salt solution was selected for use in this experiment, in light of the extensive previous analysis of soluble salts on ash surfaces from multiple volcanoes via aqueous leaching, (see Witham et al., 2004; Ayris and Delmelle, 2012) . These previous reviews noted that the most abundant elements in leachate solutions are Ca, Na, Mg, Cl and S, likely deriving from simple ionic sulphate and chloride salts (e.g., NaCl, CaSO 4 ).
The H 2 O-NaCl solution, utilizing deionized H 2 O, was sprayed at 7 mlmin −1 into the process chamber and over the fluidized LS ash or glass bead beds. The process chamber temperature was maintained at 50 • C and the solution was sprayed at a nozzle pressure of 100 kPa. The particles in the fluidized bed were therefore coated with a thin liquid layer, which rapidly evaporated, precipitating NaCl on the particle surfaces. Particle aggregation during the coating process was hindered by the low humidity of the heated atmosphere and slow spray rate of the solution. The efficiency of NaCl doping onto LS ash and glass beads was determined by comparison of the initial loading of NaCl dissolved into the sprayed solution, and the concentration on particle surfaces, which was determined by aqueous leaching. The leaching protocol utilized a solid:solution mass ratio of 1:10 and measured the effective NaCl concentration on particle surfaces via electrical conductivity measurements with an inoLab Cond 730 ® , manufactured by Wissenschaftliche Technische Werkstätten GmbH, Germany, calibrated using H 2 O-NaCl solutions of known concentration. The methods by which particles were coated with NaCl in the fluidized bed were both successful and reproducible. Twenty-five sub-samples were taken from a single NaCl-doping experiment and revealed a variation in NaCl concentration of less than 3%. The efficiency of doping, based on comparison of the initial mass of NaCl sprayed onto the ash materials, and the mass determined from post-experiment leachate analysis, was on the order of 90%. The loss likely reflects the loss of solution adhering to the internal surfaces of the process chamber.
Operational conditions
Our experiments were designed to (1) determine the critical concentration of NaCl and humidity needed to achieve artificial ash aggregation in a fluidized bed, (2) constrain the influence of particle size on aggregation efficiency under controlled conditions (process chamber humidity, temperature etc.), and (3) generate internal structures similar to structures in natural AP samples (Brown et al., 2012) . Optimal aggregation conditions for fluidized particles of different densities and grainsizes with respect to air temperature, nozzle pressure and air flow inside the process chamber were experimentally constrained. Each individual experiment utilized 1 kg of the starting material and the inflow temperature T in was set to 160 • C. This resulted in an average process chamber temperature T of 80 ± 15 • C, depending on the applied spray rate. For the aggregation experiment, nozzle pressure was set to 0.5 bar to allow larger water droplets to enter the fluidized bed, promoting the formation of a liquid film on solid particles within the fluidized bed. The airflow was set between 40 m 3 h −1 and 80 m 3 h −1 , depending on particle size and type of material used. These conditions result in Reynolds numbers ranging between 8 and 28 for the ash experiments, applying equation (1):
where Re is Reynolds Number, D p is the equivalent spherical diameter of the particle, V s is the superficial velocity, ρ is the density of the fluid, ε is the void fraction of the bed and μ is the dynamic viscosity of the fluid. The rising velocity of the air flow was 0.15 m s −1 -0.22 m s −1 , approximately two orders of magnitude lower than natural plume rising speeds (Tournigand et al., 2015) .
Results
A total of 37 experiments were carried out to study the effect of selected aggregation media (glass beads or LS ash), granulometry, NaCl concentration, and relative humidity on aggregate shape, structure and preservation. The incidence of aggregate preservation in each of these experiments is documented in Table 2 . As we observed no evidence for aggregate survival within the process chamber, we consider preservation to occur if aggregates were observed to enter the collection tank, rather than getting abraded and destroyed within the sifter. Notably, in all experiments where aggregation was recorded, aggregate arrival in the sifter was observed within a few seconds of the experiment onset. Broadening the granulometry to p d of 40-300 μm (b), aggregates become sub-spherical. Adding a fine fraction (p d < 40 μm) produces spherical aggregates (c). All images were produced using reflected light microscopy.
Effect of NaCl loading
In our experiment, aggregation occurs independently of surface salt concentration; during initial experiments using untreated glass beads and LS ash, and relative humidities of 10 and 20%, we observed the formation of aggregates (p d < 1000 μm) which were destroyed within the sifter, rather than being preserved within the collection tank. The formation of stable aggregates which could be recovered from the collection tank could only be achieved using NaCl-coated glass bead and ash materials.
The minimum NaCl concentration required for recovery of aggregates comprised of glass beads with p d < 50 μm was 1800 ± 54 mg kg Additionally, we qualitatively observed that increasing NaCl concentrations on particle surfaces increased aggregate recovery from the collection tank. In aggregation experiments using glass beads of all grain sizes, coated with NaCl loadings of 2000 ± 60 mg kg
we observed that 50% of aggregates which entered the collection tank disaggregated upon impact with its base, while no similar breakup was observed using beads coated with NaCl concentrations of 50 000 ± 1500 mg kg
The maximum diameter of aggregates formed during p d < 50 μm glass bead experiments was one millimeter, an enlargement factor (EF) of 20 relative to the initial grain size, while aggregates comprised of 40-70 μm beads achieved an EF of 40. Notably, the EF for the 150-210 μm p d fraction was approximately three; hence, the coarsest granulometry utilized in our experiments exhibited a limited capacity for aggregation, even at the highest NaCl concentrations. For the LS ash, much higher NaCl concentrations were necessary to achieve aggregation. The two ash fractions, fine and medium (p d < 40 μm, 40-90 μm), required a minimum NaCl concentration of 5000 ± 150 mg kg −1 to aggregate with sufficient stability to survive the collection process. The large grained ash fraction (p d < 300 μm) barely aggregated and required high NaCl concentrations (20 000 ± 600 mg kg −1 ) to sediment as aggregates in the collection vessel. The EFs are 25 for fine, 35 for medium and 2 for coarse particles, respectively.
Effect of granulometry
In both glass bead and LS ash materials, changes in the granulometry of the starting material did not affect the minimum concentration of NaCl needed to permit the recovery of stable aggregates (2000 ± 60 mg kg and 15 000 ± 450 mg kg −1 for LS ash with p d < 300 μm). Over a range of NaCl concentrations up to 50 000 ± 1500 mg kg −1 , we observed no effect on aggregation efficiency (mass of aggregates produced over time) in either material. However, changing granulometry did affect the shape of aggregates; with a narrow granulometry (e.g., p d < 40 μm), aggregates were non-spherical, irregularly shaped and resembled un-structured particle clusters (PC), Fig. 2a . Broadening the initial granulometry by mixing two particle populations (e.g., 50:50 mixtures of particles with p d of 40-90 μm and 90-300 μm or <40 μm and 40-90 μm) resulted in a transition in aggregate morphology from sub-spherical (Fig. 2b ) to spherical (Fig. 2c) . Fluidized beds comprised of glass beads with p d of <50 μm and 150-210 μm produced aggregates with accumulations of coarse particles (p d > 150 μm) in their core and fine particles in their rims (Fig. 3a) . Additionally, solid NaCl bridges were clearly visible connecting particles with each other (Fig. 3b) . Similarly, for LS ash aggregates, internal structuring was enhanced by broadening the starting granulometry (Fig. 4) ; while a separation between core and rim was not readily observed in aggregates comprised of LS ash with p d < 40 μm (Fig. 4a) , the cores became coarser grained than the rims for aggregation experiments using LS ash with p d < 90 μm (Fig. 4b ) and p d < 300 μm (Fig. 4c) .
Effect of humidity
The effect of humidity on aggregation preservation was also measured (Fig. 5) . As no influences on aggregate recovery other than of surface area were implied from previous experiments on glass beads and LS ash, we confined our investigation of humidity to one material only (LS ash). We performed three experimental series utilizing NaCl loadings of 15 000 ± 450 mg kg Changing the relative humidity of the air within the system changed the rate of aggregate production. Aggregation initiated, depending on the starting granulometry, between 12 and 18% RH. in the center whereas fine grained particles are densely packed in the rim of the aggregate. All images were produced using reflected light microscopy. The number of aggregates produced per minute increased exponentially up to 45% RH. Most aggregates are produced when the grain size distribution of the starting material is broad (50/50 mix of LS ash with p d < 40 μm and 40-90 μm). The lowest production rate of aggregates is achieved by particles with p d of 40-90 μm, used in isolation. These data evidence a significant control of humidity on aggregation rate. The upward directed airflow within the sifter dried the aggregates during transit, such that residual internal moistures were below 1 wt%. However, at approximately 50% RH, the upward directed airflow in the sifter was insufficient to dry aggregates, resulting in the accumulation of a heap of wet ash in the collection tank, rather than dry, coherent aggregates.
Discussion

Agreement with previous studies
During our experiments, we observed the formation of aggregates with clear internal structuring. LS aggregates from initial materials with p d < 300 μm, have a modal p d of 63 μm over the whole particle, but within their rims, the modal p d is 12 μm. These aggregates show many similarities with AP2 aggregates found in nature; in studies of natural ash aggregates, the dominant particle size fraction (90 vol%) has p d < 60 μm, while the largest particles found in natural aggregates have p d of ∼200-500 μm (Sheridan and Wohletz, 1983; Cole et al., 2002; Bonadonna et al., 2002; Trusdell et al., 2005; Cunningham and Beard, 2014; Scolamacchia and Dingwell, 2014) . Within internally structured natural ash aggregates, coarser particles are enriched in the core, while finer particles comprise the rim (Brown et al., 2012) . For example, Scolamacchia and Dingwell (2014) analyzed ash aggregates from the 1982 El Chichon eruption (Mexico); the cores of these aggregates consisted of coarser material (p d = 63-250 μm) while their rims contained finer-grained particles (p d < 63 μm) with ∼75% of Fig. 6 . Illustration of the Ennis et al. (1991) model: in a) two particles with a liquid layer of the thickness h are approaching each other. b) reflects the non-inertial regime of aggregate growth in which all particles stick after collision due to viscous and elastic forces sufficiently dissipating kinetic collision energies. c) shows the inertial regime, where aggregate growth in which viscous Stokes number and critical viscous Stokes number are approximately equal. Small particles stick to the existing aggregate due to lower collision energies. Large particles rebound due to higher collision energies; rebound forces cannot be dissipated by liquid bonding forces. The non-inertial regime builds the core of an accretionary pellet, reflecting the total particle size range, while the inertial regime builds up the fine grained rim.
rim grains smaller than 16 μm in diameter. In addition to their structural similarities, the aggregates formed in our experiments exhibit comparable densities to natural samples; the density of the experimental aggregates (480 kg m −3 ) is within the range of values reported for ash aggregates recovered by Taddeucci et al. (2011) from the 2010 Eyjafjallajökull eruption (100 to 1000 kg m −3 ).
Our experiments are also in good agreement with previous studies which identify liquid bonding as a primary control on the formation of AP aggregates. We observed a clear dependency of aggregate accumulation rate in the collection tank on RH, with an exponential increase between 12 and 45% RH (5-19 wt% H 2 O at 90 • C). At lower values, no aggregates were observed in the sifter. At higher humidity, overwetted aggregates coalesced in the collection tank and formed a heap of wet ash (Fig. 5) . The range of humidity values observed is in good agreement with natural observations and other experimental studies; Tomita et al. (1985) observed pellet fallout during eruptions at Sakurajima Volcano (Japan) and described ash aggregation solely on days with RH of >18% at a height of 4 km, corresponding to the maximum plume height. In laboratory experiments, Schumacher and Schmincke (1995) determined that the optimum quantity of water to promote aggregation of ash within a pan was between 15-25 wt%. In similar experiments, utilizing a vibratory pan, Van Eaton et al. (2012) determined that aggregation was most efficient at liquid concentrations between 10-15 wt%, while at higher concentrations, slurries rather than aggregates, were formed. Based on the good agreement of our experimental data and previous studies, we conclude that the concentration of liquids during aggregation controls the number of particle aggregates produced; with increasing liquid binder concentration, aggregate production increases exponentially (Fig. 5) .
The process of cementation of aggregates has been described several times for natural deposits, invoking the role of salts as binding agents, but quantification of the related process has not yet been achieved. In our study, although we observed aggregation under all conditions, including NaCl-free particles, we required high NaCl loadings (>5000 mg kg −1 ) to permit recovery of stable ash aggregates from the collection tank. Higher loadings of NaCl were required to promote recovery of LS ash aggregates, compared to that required for glass bead aggregates. This likely reflects the complex morphology, and accordingly, greater surface area, of the LS ash (Table 1) ; to achieve the same salt loading per unit surface area required a greater dose of salts per unit mass in the LS ash, relative to the glass beads. It is not yet known whether the behavior of NaCl is salt-specific, or applicable to all soluble salts on ash surfaces. If the latter, it is notable that the total loading of soluble salts utilized in this study, while high, remain within the range of concentrations implied by previous leachate studies: data summarized by Ayris and Delmelle (2012) yielded both a calculated mean and median sulphate and chloride salt loading on the order of 6000 mg kg −1 , with maximum values in excess of 20 000 mg kg −1 being reported in some scenarios. Additionally, preparatory to the current study, we disaggregated and subsequently leached fragile accretionary pellets recovered from deposits of the 2011 dome collapse at Soufrière Hills Volcano (Montserrat). The total concentration of Ca, Cl, Mg, Na and S in leachate solutions (1:100 ash:water ratio, 4 hour leaching time), indicative of total surface salt loading, was in excess of 5000 mg kg −1 .
A new perspective on ash aggregate formation
Our findings have demonstrated that experiments utilizing fluidization bed techniques can produce aggregates of comparable structure and under comparable conditions to those previously observed both in experimental studies and field investigations. Crucially, this realization of comparability opens a new avenue of research in the application of existing industrial studies to volcanic systems. Ennis et al. (1991) have previously proposed a particle coalescence model derived from industrial particle aggregation studies, which can be utilized to explain our experimental results, and by analogy, the formation of ash aggregates during explosive eruptions. The model is based on the assumption that two approaching particles with a liquid film layer (Fig. 6a ) of thickness h coalesce after collision, when the initial kinetic energy is dissipated through viscous and elastic losses. Liquid layers of the two particles will have first contact at a distance 2h. Viscous losses are calculated by using results for Stokes flow between two approaching particles. The coefficient of restitution e dissipates energy within the solid phase. Resulting calculations show that particles will coalesce when the viscous Stokes number St v (eq. (2)) is less than some critical viscous Stokes number St * v (eq. (3)):
where ρ is the particle or aggregate density, u 0 is half the initial relative velocity of the impact, p d is the particle or aggregate diameter, μ is the liquid viscosity and h a is the characteristic height of surface asperities. St v describes the ratio of initial kinetic energy to energy dissipated by viscous effects. St v will increase during the aggregation process since the aggregate grows. The interplay of the various parameters in this theoretical model allow for the constraint of three granulation stages which describe the growth of both experimental and natural accretionary pellets. After Ennis et al. (1991) , the first stage is referred to as the non-inertial regime (St v St * v ), where collisions between particles of all sizes are successful. In this stage, a large range of particle sizes will stick together (e.g. p d < 300 μm in the ProCell ® Lab experiments), producing a coarse-grained (reflecting the whole size range of available particles), porous core. In the second granulation stage (inertial regime), the viscous Stokes number St v is approximately equal to the critical Stokes number St * v . Coalescence now depends on the size of colliding particles, whereby collisions between two small, or one small and one large particle(s), keeps St v low and enables coalescence, while collisions between two big particles, e.g. an aggregate and a large ash grain, causes high St v and hinders coalescence. In the inertial regime, only smaller particles will stick to existing aggregates due to the increasing difference in diameter, the likelihood of increasing impact velocities, and the increasing St v number. In the third granulation stage, St v is greater than St * v and collisions do not permit coalescence. In this generalized model, the initial particle size distribution is likely an important control; with a narrow granulometry, any aggregate structuring effects imparted during the different regimes are likely minimal, producing a poorly structured ash pellet (AP1). In contrast, with a broader initial particle size distribution, aggregate growth would produce an internally structured clast with a dense, fine-grained rim (AP2). It is also possible that pre-inertial regime interruption of aggregation processes via sedimentation into particle-poor environments could favor the formation of AP1, rather than AP2 aggregates.
The Ennis model (1991) can also explain the increasing rate of aggregation with increasing air humidity, prior to overwetting (Fig. 5) . The increasing quantity of liquid sprayed into the process chamber increases the liquid layer thickness h on single particles; in our experiments using LS ash with p d < 40 μm, increasing RH from 12 to 45% is calculated to increase h from 160 to 590 nm. Increasing h values increase St * v , allowing more particles to coalesce, and increasing the rate of aggregate production. The initiation of aggregation at lower humidity for fine grain sizes (Fig. 5) can also be explained; smaller particle diameters, p d , result in lower impact velocities u 0 and an overall smaller St v , another criterion for enhanced aggregation. A further implication for liquid bonding from the Ennis model (1991) is a dependence on liquid viscosity; while our experiments used only deionized water, the condensation or emplacement of fluids of different viscosities (e.g., liquid sulphur, Scolamacchia and Dingwell, 2014) on ash surfaces may significantly influence aggregation processes.
Observations from our experiments offer a number of further insights into the formation of AP aggregates. The arrival of aggregates within the collection tank at the start of the experiment was near-instantaneous; this suggests that the rims of AP aggregates, rather than being formed by transport through a finergrained particle suspension than that from which the core was constructed, can formed rapidly from the same particle population that builds the initial core via a selective aggregation process. The fragility of salt-free or salt-poor aggregates in our experiments further suggests that a continuous cycle of collisions, aggregation and disaggregation may occur in eruption plumes and pyroclastic density currents (PDC), but that once specific boundary conditions are achieved, rapid growth of structured aggregates is possible. The low experimental Reynolds numbers of our study , relative to those of e.g., PDCs (10 6 -10 9 , e.g. Andrews and Manga, 2012) suggests that one environment where these conditions are achieved could be the most dilute parts of PDCs, lofted co-pyroclastic plumes or the umbrella regions of eruption plumes. However, such conditions are unlikely to be the only regimes where aggregate growth is promoted. Given the apparent fragility of many of the aggregates formed in our experiments, the capacity of AP aggregates to survive deposition and be preserved within a deposit likely requires the establishment of strong interparticle bridges to strengthen it. This may be particularly important if the aggregate traverses a more energetic region of an eruption plume or PDC after formation but prior to deposition. Salt-driven cementing would require not only an abundance of pre-existing soluble salts, but also rapid drying after formation. This was illustrated in our experiments; the lower humidity within the sifter promoted liquid evaporation and salt precipitation, but the absence of aggregates in the post-experiment process tank suggests that fluidized bed collapse in still-humid conditions prevented drying and favored aggregate breakup. Within volcanic settings, lower humidity conditions could be achieved via numerous mechanisms, e.g., by sedimentation into drier atmospheres from a water-rich plume, or the recycling of aggregates from cold regions of the plume and/or PDC into hotter regions (>100 • C). Thus, much as there may be multiple environments where aggregate growth is favored, there may be multiple conditions where salt-driven cementing may stabilize those aggregates.
Conclusion
Accretionary pellets were produced successfully in the laboratory by using fluidization bed techniques. Liquid bonding forces promoted particle adhesion following collisions, building aggregates up to 1000 μm in size. These aggregates were fragile and were easily disaggregated, but when the initial particle mass was coated with NaCl, could be stabilized by the dissolution and reprecipitation of NaCl as solid interparticle bridges. High, but volcanically relevant (∼2000 mg kg −1 ) concentrations of surface salts enabled recovery of some aggregated particles, while increasing salt loads promoted increased stability and improved aggregate preservation. The granulometry of the initial particle mass had a strong influence on the growth and structure of aggregates; finegrained particles (p d < 100 μm) grew up to 40 times larger than the original diameter of the starting material, while coarse particles reached final diameters of only three times that of the initial particle. Similar to the results of previous field studies and experimental observations, aggregate formation occurred within a discrete range of humidities; in our experiment, aggregates formed above 12% RH, and disaggregated into a mud or slurry at humidities greater than 45% RH.
Most notably, through the use of particle populations with broad granulometries, we generated (sub-) spherical and internally structured aggregates with coarse grained cores and fine grained rims, similar to natural AP2 aggregates observed in volcanic deposits. Applying a numerical model derived from industrial particle aggregation studies, we conclude that shape and internal structuring of aggregates is controlled by the initial granulometry, mediated by a fast-acting selective aggregation process. In so doing, we offer a generalized model for the formation of both AP1 and AP2 aggregates, which also identifies the importance of the concentration, and perhaps viscosity, of the liquid binding agent which facilitates aggregation. Our findings suggest that aggregation and disaggregation processes occur in all volcanic environments, but that once specific boundary conditions are achieved, growth of AP aggregates is rapid. To preserve these aggregates upon deposition may further require a high loading of pre-existing surface salts, and a pre-deposition transition from a high to low humidity environment. Although further constraints on the parameters which drive both aggregation and cementation are required, the findings of this paper should be considered as a valuable input into numerical aggregation and ash dispersal models.
